tion cascades detect misfolded proteins and transmit signals to dedicated transcription factors, which then adjust the levels of protein folding and degradation factors to the needs of the cell. In the cytoplasm, unfolded proteins are sensed by free pools of molecular chaper- 
Here, we report the crystal structures of DegS alone constructed and purified a DegS variant (residues 42-354) lacking its N-terminal membrane anchor. Truncated and in complex with a peptide resembling the C-terminal tail of OmpC. The structural data provide the molecular DegS was trimeric in solution, as judged by gel filtration and dynamic light scattering (data not shown), and reframework for understanding how the PDZ domain of DegS perceives stress signals and how the proteolytic tained proteolytic activity as shown by an in vitro cleavage assay ( Figure 1A) . Thus, the mutant should allow activity is reversibly activated by a series of conformational changes. In DegS, the PDZ domain offers a bindreconstruction of the biologically relevant structure. The structure of DegS was determined by molecular replaceing site for an allosteric activator, a so far unknown mechanism that seems to be conserved in related ment using the protease domain of E. coli DegP ( two perpendicular ␤ barrel lobes with a C-terminal helix involved in substrate binding, setting up the main chain binding patch and the S1 specificity pocket. (␣3). Each of the antiparallel ␤ barrels contains six strands (␤a-␤f, ␤g-␤l) of identical topology, in which a
The overall structure of the PDZ domain of DegS is similar to other PDZ domains of bacterial origin (Krojer Greek key motif (␤a-␤d, ␤g-␤j) is followed by an antiparallel hairpin motif (␤e-␤f, ␤k-␤l). and contains seven ␤ strands (␤m-␤s) and two ␣ helices (␣5, ␣6). The located in the crevice between the two ␤ barrels. The N-terminal barrel contributes two catalytic residues, strands ␤n-␤s form an antiparallel ␤ sandwich, in which a two-stranded ␤ sheet (␤n, ␤o) is flanking a fourHis96 and Asp126, whereas the reactive Ser201 is part of the C-terminal barrel. One of the active site loops, stranded ␤ sheet (␤q, ␤p, ␤r, ␤s). The short ␣ helix 5 and its connecting loop cap one end of the ␤ sandwich, L2 (loop nomenclature according to Perona and Craik [1995] , see Figure 1B ), was too flexible to be traced while helix 6 caps the other end. Peptides corresponding to C-terminal sequences of outer membrane proteins bind to the PDZ domain of The protomers are packed symmetrically around a 3-fold molecular axis ( Figure 1C Figure 1A ), we obtained well-diffracting crystals. Although the peptide to the membrane-anchoring helices protrude to the opposite side of the trimer, thereby fixing the orientation was bound to the rather flexible PDZ domain, its binding mode could be unequivocally determined. of DegS within the periplasm such that the funnel faces away from the cytoplasmic membrane ( Figure 1D ).
As in other PDZ-peptide complexes (Doyle et al., 1996; Songyang et al., 1997), the signal peptide interacts with As in other HtrAs, formation of the trimer is exclusively mediated by the serine protease domains, in particular DegS in a ␤-augmentation process forming an additional ␤ strand to ␤n-␤o with the C terminus anchored by by residues of the N-terminal segment and of strands ␤g and ␤h. On the convex side of the funnel, a twothe carboxylate-binding loop ( Figure 2A ). There is only electron density for the four C-terminal residues of the stranded ␤ sheet (␤g, ␤N*, the asterisk denotes the participation of the neighboring subunit) is formed between peptide, suggesting that these residues are exclusively interacting with the PDZ domain ( Figure 2B ). Binding different subunits; this sheet is further stabilized by specific side chain interactions involving Ser46*, Asp153, specificity is mainly conferred by the specific configuration of the 0, Ϫ2, and Ϫ3 binding pockets (Songyang et and Ser208. In the center of the trimer, a large hydrophobic cluster is observed that is formed by residues al., 1997), where pocket 0 anchors the side chain of the carboxy-terminal residue. In the DegS-activator comGly152, Ile151, Ile172, Tyr47*, Val51*, Leu156*, and Ile168*. The hydrophobic core is enclosed by an interplex, the phenylalanine in 0 position is bound in a hydrophobic pocket constructed by residues Ile259, subunit hydrogen bonding network constructed by residues Gln48*, Ser174, Asp193, Asn197, and Glu230*. On Thr318, Met319, and Val322. By contrast, the side chain of the tyrosine residue at position Ϫ2 was not well dethe concave side of the funnel, the side chain of Leu164* is bound in a hydrophobic pocket of the molecular neighfined by electron density. Presumably, this residue interacts with a main chain carbonyl of the PDZ domain. bor lined by residues Ile232, Phe234, and Pro229. Together, these interactions extensively stabilize the DegS Most interestingly, the glutamine in Ϫ1 position interacts with the protease domain ( Figure 2C ). Its terminal amide trimer, an observation that is consistent with the stability of the trimer in solution. At low concentration, e.g., 1 M, nitrogen hydrogen bonds to the main chain carbonyl of Thr184, thereby pulling the flexible loop L3 15 Å away the monomeric form is undetectable as judged by gel filtration (data not shown).
from its previous location. Furthermore, superposition of peptide-bound and peptide-free DegS indicated conRecent crystallographic models of other HtrAs indicated that the protease domains are forming the rigid formational changes of the distant active site loops L1, L2, and LD ( Figure 2D ). The most pronounced conformapart of the structure that is joined by a linker peptide to the highly mobile PDZ domain. The en-bloc mobility of tional changes are observed for loop L2. In the peptide- (2) The S1 pocket primarily determines the substrate Reversible Protease Activation Mediated by a PDZ Domain specificity of individual serine proteases. In the peptidefree form, the S1 specificity pocket is blocked by Peptide binding to DegS generated an asymmetric trimeric particle, in which one of the PDZ domains was Leu218, as illustrated by the alignment with an EI complex of ␤-trypsin ( Figure 3B ). In peptide-bound DegS, a less ordered than the others. Although interpretation of the electron density map of this PDZ domain was rather well-defined hydrophobic S1 pocket can be observed that is formed by Ile196, Leu218, and Ser219 (Figure difficult, a bound activating peptide could not be identified, suggesting that the peptide-binding site is not or 3C). The P1 side chain of a substrate should adopt a similar orientation as the propyl group of the aligned only partially occupied. This difference might be due to a distinct conformation of loop L3, which was slightly ␤-trypsin monoisopropylphosphoryl derivative. Thus, the S1 specificity pocket of DegS seems to be well bent away from the PDZ domain. In contrast, the active site loops L1, L2, and LD obtain similar folds in all three suited to accommodate small hydrophobic residues. This finding is consistent with the reported substrate subunits, thereby forming three functional proteolytic sites. To further investigate the asymmetric properties selectivity (Walsh et al., 2003). In the native substrate, RseA, cleavage occurs at a single peptide bond between of peptide-bound DegS, we incubated crystals of the activator complex for 30 min in an activator-free soluVal148 and Ser149. However, even a strict S1 selectivity cannot explain the remarkable substrate specificity of tion. The structure obtained from these backsoaked crystals clearly indicated the release of the activating DegS. Due to the topology of RseA, which is like DegS a type I transmembrane protein, it can be speculated peptide with the concomitant reorientation of activatorbinding loop L3 into its "peptide-free" conformation. By that the scissile bond of RseA has to be part of an extended, unstructured region of about 30 residues that contrast, the active site loops L1, L2, and LD were still present in their active conformation. Due to the hybrid has to find its way from the membrane-facing side of DegS to the opposite surface, where the active sites are nature of this structure, we believe that it could represent an intermediate of the transition from active to inactive located. The structure indicates that the substrate has not to reach over the edge of the trimeric funnel. There DegS. Interestingly, extensive backsoaking for 12 hr restored the inactive state of DegS, showing the reversibilis a cleft between protease and PDZ domain that offers a shortcut to the active site (Figure 1) . It is tempting to ity of the transition ( Figure 4A ). The DegS activation cycle represents a novel mechaspeculate that this cleft employs further geometric and The average B values for the protease domain, LD, L1, L2, L3 are 41.2, 87.3, 70.9, n.d., 69.3 for the uncomplexed and 71.3, 61.0,  58.6, 110.5, 128 .1 for the active form, respectively. nism that bears some similarities to the classical trypsin PDZ domain causes reorientation of the activation domain. A key player in this mechanism is loop L3 that activation. In trypsin, transition from the inactive to an active state is achieved by reorientation of the so-called transduces the signal from the PDZ to the protease domain. Another similarity to trypsin activation is a disor-"activation domain," which is formed by loops L1, L2, and LD (Huber and Bode, 1978) . The structure of the der-order transition. In the inactive trypsinogen, the activation domain is highly flexible, whereas in the active inactive/active hybrid suggests that DegS has an identical activation domain. In activated DegS, stabilization trypsin protease it occupies a well-defined position poised for catalysis. Analogously, the activation domain of the activation domain is achieved by a multitude of hydrophobic and polar interactions: Loops L1, L2, and of DegS becomes more rigid upon allosteric activation ( Figure 4C ). The remarkable difference to classical pro-LD rearrange such that a novel hydrophobic cluster is formed by residues Ile179, Leu181, Phe220, Ile232, teases is that activation of DegS is reversible, guaranteeing an immediate and flexible cellular response toward Phe234, Tyr162*, and Leu164* ( Figure 4B ). The active conformation of loops L3 and LD* is further stabilized folding stress. by two hydrogen bonds that are formed between the guanidino group of Arg178 and the two main chain carBiochemical and Mutational Analysis of the DegS Activation Mechanism bonyls of Leu164* and Gln166*. Furthermore, Tyr162* forms a short-distance hydrogen bond with Glu227, The structure of the DegS-activator complex suggests that the X residue of YXF C-terminal peptides interacts thereby defining the conformation of the previously highly flexible loop L2. In addition, Tyr162* interacts with directly with the protease domain and is involved in regulation of activity. The side chain of this X residue the side chain of Asn197* that turns around and further fixes L2 by binding to the main chain amide of Glu230.
should contain a hydrogen donor group in order to contact loop L3 and to promote allosteric activation. To test Ultimately, the rearranged activation loop LD* seems to induce a peptide flip in loop L1* that is required to form this proposal in vitro, we synthesized different decapeptides containing the consensus sequence DNRLGL the oxyanion hole and the catalytic triad. This step is provoked by formation of a hydrogen bond between the VYXF with X being any of the 20 bioactive amino acids. Surprisingly, the selectivity for the Ϫ1 residue was rather backbone carbonyl of His198* and the amide nitrogen of Tyr162*. To further validate the proposed activation model, we mutagenized key residues of the mechanistic important bic and polar residues appear to be capable to induce conformational rearrangement of loop L3, most probaloops LD, L1, L2, and L3 and analyzed the resulting variants using purified protein in the protease activation bly by different kinds of interactions. Peptides carrying a hydrogen donor group in Ϫ1 position should follow assay. In all cases, structural integrity was verified by gel filtration chromatography and dynamic light scattering the mechanism of the structurally characterized YQF peptide and hydrogen bond to loop L3. Hydrophobic Ϫ1 (data not shown). As expected, replacement of the active site Ser201, one of the residues of the catalytic triad, by residues have to employ an alternative mechanism. These residues could undergo positive van-der-Waals alanine completely abolished proteolytic activity ( Figure  5B ). Thus the S201A mutant was chosen as a reference contacts with loop L3, thereby stabilizing its active conformation, which in turn should establish a functional to judge the effect of the other exchanges. As discussed previously, Tyr162 and Glu227, residues of loops LD proteolytic site in an equivalent manner as observed for the YQF peptide. Mutational analyses support this idea and L2, respectively, are critical to stabilize the active conformation of the activation domain. Consistently, (Figure 5B ). Taken together, the structural and biochemical evidence suggests that the contact between the changing Tyr162 and Glu227 to Ala had an equally severe effect as replacing the central nucleophile Ser201, activator Ϫ1 residue and loop L3 is crucial for propagat- 
